The highly redundant pathways for extracellular electron transfer in Geobacter sulfurreducens must be simplified for this microorganism to serve as an effective chassis for applications such as the development of sensors and biocomputing. Five homologs of the periplasmic c-type cytochromes, PpcA-E, offer the possibility of multiple routes of electron transfer across the periplasm. The presence of a large number of outer membrane c-type cytochromes allows G. sulfurreducens to adapt to disruption of an electron transfer pathway in the outer membrane. A strain in which genes for all five periplasmic cytochromes, PpcA-E, were deleted did not reduce Fe(III). Introducing ppcA under the control of an IPTG-inducible system in the quintuple deletion strain yielded a strain that reduced Fe(III) only in the presence of IPTG. A strain lacking known major outer membrane cytochromes, OmcB, OmcE, OmcS and OmcT, and putative functional homologs of OmcB, did not reduce Fe(III). Introduction of omcB in this septuple deletion strain restored the ability to reduce Fe(III). These results demonstrate that it is possible to trim redundancy from the extracellular electron transfer pathways in G. sulfurreducens in order to construct strains with defined extracellular electron transfer routes.
INTRODUCTION
Microorganisms that are capable of electron transfer to extracellular electron acceptors have diverse practical applications (Lovley 2011 (Lovley , 2012 Lovley et al. 2011; Lovley and Nevin 2013; Mohan et al. 2014; Kato 2015; TerAvest and Ajo-Franklin 2016) . Potential applications that require living, active cells include electron transfer to electrodes to produce electrical current (Lovley 2012) ; direct electron transfer to other microorganisms in anaerobic digestion (Dube and Guiot 2015; Lovley 2017) ; sensors (Golitsch, Bucking and Gescher 2013; Webster et al. 2014; Bereza-Malcolm, Mann and Franks 2015) ; and biological computing (TerAvest, Li and Angenent 2011; Ueki et al. 2016) . Some of these applications may rely on native microbial electron transfer capabilities, but for others, such as the development of microbial sensors or biocomputing, it may be preferable to design microorganisms in which each step of extracellular electron transfer is well defined and readily controllable.
Trimming the potential routes for extracellular electron transfer is especially important with microorganisms such as Geobacter species, which appear to have substantial redundancy encoded in their genomes for each step of extracellular electron transfer (Methe et al. 2003; Leang et al. 2005; Lovley 2009, 2010; Lovley et al. 2011; Tremblay et al. 2011; Smith et al. 2014; Shi et al. 2016) . Electron transport to the outer surface of Geobacter sulfurreducens is most simply and directly investigated by monitoring the reduction of soluble, chelated Fe(III) citrate, which is reduced at the outer cell surface ), but does not require the complex array of outer surface cytochromes and conductive pili that is required for further electron transfer from the outer cell surface to Fe(III) oxides or electrodes (Shi et al. 2016) .
For Fe(III) citrate reduction, there are multiple potential periplasmic pathways for electron transfer between the inner membrane and outer membrane of G. sulfurreducens . The most intensively studied periplasmic electron transport component in G. sulfurreducens is PpcA, a small (9.6 kDa) triheme c-type cytochrome Dantas et al. 2015; Santos et al. 2015; Shi et al. 2016) . Cell suspensions of a strain of G. sulfurreducens in which the gene for PpcA was deleted reduced Fe(III) citrate at rates 58% of those of wild type (Lloyd et al. 2003) , suggesting that PpcA is an important, but not essential, component for extracellular electron transfer. Potential alternatives to PpcA for facilitating electron transport across the periplasm include the PpcA homologs PpcB, PpcC, PpcD and PpcE (Butler, Young and Lovley 2010; Dantas et al. 2015; Santos et al. 2015) . Of these homologs, transcript abundance was highest for ppcA and PpcA was the most abundant protein under several growth conditions (Ding et al. 2006 (Ding et al. , 2008 Qiu et al. 2010; Shrestha et al. 2013a,b) . Structural studies have suggested that PpcA and its homologs may interact with common redox partners, but that the homologs might also play distinct electron transfer roles, providing versatility in electron transfer pathways (Morgado et al. 2010; Pokkuluri et al. 2010; Dantas et al. 2015) . Mutant strains in which either ppcB and ppcC were simultaneously deleted or in which ppcD and ppcE were deleted retained the ability to reduce Fe(III) (Shelobolina et al. 2007 ). These results suggested that there are multiple routes for electron transfer across the periplasm, and the possibility that electron transfer components other than PpcA and its homologs might also be involved was not ruled out.
In a similar manner, there are multiple potential routes for electron transfer across the outer membrane of G. sulfurreducens (Butler, Young and Lovley 2010; Lovley et al. 2011; Shi, Fredrickson and Zachara 2014; Shi et al. 2016) and a strain in which the capacity for the reduction of Fe(III) citrate has been completely eliminated by the deletion of outer surface cytochrome genes has not been previously described. The outer membrane c-type cytochrome OmcB is important for extracellular electron transfer to Fe(III) citrate (Leang, Coppi and Lovley 2003; Liu et al. 2015) . Deletion of the gene for OmcB greatly impaired Fe(III) citrate reduction but not fumarate respiration (Leang, Coppi and Lovley 2003) . Transcripts for omcB and OmcB abundance were higher during growth on Fe(III) as the electron acceptor than on fumarate (Ding et al. 2006; Qiu et al. 2010) . Studies with proteinase K treatment and immunogold labeling revealed that OmcB is embedded within the outer membrane but a portion of OmcB is exposed on the outer surface of the cell (Qian et al. 2007) , consistent with the hypothesis that OmcB is an important component for electron transfer across the outer membrane.
However, G. sulfurreducens adapts to reduce Fe(III) citrate following the deletion of the OmcB gene with the expression of other outer surface cytochromes and there are multiple homologs of OmcB in the G. sulfurreducens genome (Leang, Coppi and Lovley 2003; Liu et al. 2014 Liu et al. , 2015 Shi, Fredrickson and Zachara 2014; Shi et al. 2016) . OmcB and its homologs appear to be components of porin-cytochrome systems composed of the outer surface cytochrome (OmcB or functionally equivalent c-type cytochromes), a porin protein that spans the outer membrane and a cytochrome oriented on the periplasmic side of the outer membrane (Shi et al. 2016) . The relative degree of inhibition of Fe(III) citrate reduction upon deletion of one or two of OmcB and its homologs is variable between studies (Leang, Coppi and Lovley 2003; Aklujkar et al. 2013; Liu et al. 2014 Liu et al. , 2015 . This may be related to the differential expression of other porincytochrome systems.
The purpose of the studies reported here was to further elucidate mechanisms for electron transport across the periplasm and outer membrane of G. sulfurreducens with the goal of identifying single c-type cytochromes whose expression could be used to control extracellular electron transport in G. sulfurreducens. The results demonstrate that extracellular electron transport across the periplasm can be controlled by controlling PpcA expression in a strain in which the genes for all PpcA homologs are deleted and that electron transport across the outer membrane can be controlled by controlling OmcB expression when the genes for multiple outer surface cytochromes are deleted.
MATERIALS AND METHODS

Strains and growth conditions
Geobacter sulfurreducens strains were grown anaerobically in a defined medium with acetate as the electron donor and fumarate or Fe(III) citrate as the electron acceptor at 30
• C as previously described (Coppi et al. 2001) . The wild-type strain of G. sulfurreducens and strains in which the genes for PpcA (Lloyd et al. 2003) or OmcB, OmcE, OmcS and OmcT (Voordeckers et al. 2010) were deleted were obtained from our laboratory culture collection.
The medium was supplemented with appropriate antibiotics, when necessary. Plate manipulations were conducted at 30
• C in an anaerobic glove bag containing a N 2 :CO 2 :H 2 (73:20:7) atmosphere. Escherichia coli DH5α (Hanahan 1983 ) was used for plasmid preparation and grown in LB medium (Miller 1972 ) supplemented with appropriate antibiotics, when necessary.
Genetic manipulation of Geobacter sulfurreducens
Disruption and introduction of a gene by the double-crossover homologous recombination in G. sulfurreducens were conducted as described previously (Coppi et al. 2001) . Modification from this method, if necessary, is described in specific cases below. Antibiotics used for selection of mutants were ampicillin (100 μg/mL), apramycin (100 μg/mL), chloramphenicol (15 μg/mL), gentamicin (20 μg/mL), hygromycin (500 μg/mL), kanamycin (200 μg/mL) and spectinomycin (75 μg/mL).
Construction of a strain in which ppcA, ppcB, ppcC, ppcD and ppcE were deleted ppcB, ppcC, ppcD and ppcE were disrupted in the ppcA-deletion mutant (Lloyd et al. 2003) in three steps. First, ppcB and ppcC were disrupted simultaneously by a chloramphenicol-resistance gene in the ppcA deletion mutant as previously described for the construction of the double deletion mutant of ppcB and ppcC (Shelobolina et al. 2007) .
Next, ppcD was disrupted by a gentamicin-resistance gene in the triple deletion mutant of ppcA, ppcB and ppcC. Flanking DNA fragments were amplified by PCR with primers P1 and P2 for the upstream region and P3 and P4 for the downstream region as listed in Table S1 (Supporting Information). The DNA fragment of the gentamicin-resistance gene was amplified as described previously (Ueki et al. 2016 ). These PCR products were digested with restriction enzymes, ligated and cloned in a plasmid. The plasmid was linearized by XbaI. The linearized DNA fragment was used to disrupt ppcD in the triple deletion mutant of ppcA, ppcB and ppcC. After electroporation, gentamicin-resistant transformants were isolated in the presence of gentamicin.
Then, ppcE was disrupted by a spectinomycin-resistance gene in the quadruple deletion mutant of ppcA, ppcB, ppcC and ppcD. Flanking DNA fragments were amplified by PCR with primers P1 and P2 for the upstream region and P3 and P4 for the downstream region as listed in Table S1 . The spectinomycinresistance gene was amplified by PCR with primers Sp-fwd and -rev as listed in Table S1 , and pSJS985Q (Sandler and Clark 1994) as the template. These PCR products were digested with restriction enzymes, ligated and cloned in a plasmid. The plasmid was linearized by XbaI. The linearized DNA fragment was used to disrupt ppcE in the quadruple deletion mutant of ppcA, ppcB, ppcC and ppcD. After electroporation, spectinomycin-resistant transformants were isolated in the presence of spectinomycin.
Construction of a strain in which ppcB, ppcC, ppcD and ppcE were deleted First, ppcE was disrupted by a kanamycin-resistance gene in the wild-type strain. Flanking DNA fragments were amplified by PCR as described above and DNA fragment of the kanamycinresistance gene was amplified by PCR as described previously (Ueki and Lovley 2010) . These PCR products were digested with restriction enzymes, ligated and cloned in a plasmid. The plasmid thus constructed was linearized by XbaI. The linearized DNA fragment was used to disrupt ppcE.
Second, ppcD was disrupted by the gentamicin-resistance gene in the ppcE deletion mutant as described above.
Third, ppcB and ppcC were disrupted simultaneously by the spectinomycin-resistance gene in the double deletion mutant of ppcD and ppcE thus constructed. Genetic manipulation was conducted as described above. Primers are listed in Table S1 .
Construction of a strain in which omcC, omcB, omcE, omcS and omcT were deleted omcC was disrupted by the spectinomycin-resistance gene in the deletion mutant of omcB, omcE, omcS and omcT (Voordeckers et al. 2010) . Genetic manipulation was conducted as described above. Primers are listed in Table S1 .
Construction of a strain in which omcV, omcC, omcB, omcE, omcS and omcT were deleted omcV (GSU2724; Aklujkar et al. 2013) was disrupted by an apramycin-resistance gene in the strain in which omcC, omcB, omcE, omcS and omcT were deleted. Genetic manipulation was conducted as described above. Primers are listed in Table S1 . The coding region of the apramycin-resistance gene was amplified by PCR with primers Apr-fwd and -rev as listed in Table S1 , and pCRISPomyces-2 (Addgene) as the template. The promoter region of the gentamicin-resistance gene was amplified by PCR with primers Pgm-fwd-E and Pgm-Apr-rev as listed in Table S1 , and pJBG (Butler et al. 2004) as the template. This promoter region was fused to the coding region of the apramycin-resistance gene by PCR with primers Pgm-fwd-E and Apr-rev, and these PCR products as the template.
Deletion of a strain in which omcW, omcV, omcC, omcB, omcE, omcS and omcT were deleted
The gene GSU2642 is predicted to encode an outer surface cytochrome component of a porin-cytochrome system in G. sulfurreducens (Shi, Fredrickson and Zachara 2014) and was designated omcW following previous convention (Aklujkar et al. 2013) . omcW was disrupted by a hygromycin-resistance gene in the wild-type strain and the deletion strain of omcV, omcC, omcB, omcE, omcS and omcT. Genetic manipulation was conducted as described above. Primers are listed in Table S1 . The coding region of the hygromycin-resistance gene was amplified by PCR with primers Hyg-fwd and -rev, and pKW08-Lx (Addgene) as the template. The promoter region of the gentamicin-resistance gene was amplified by PCR with primers Pgm-fwd-P and Pgm-Hygrev as listed in Table S1 , and pJBG as the template. This promoter region was fused to the coding region of the hygromycinresistance gene by PCR with primers Pgm-fwd-P and Hyg-rev, and these PCR products as the template.
Expression of ppcA
ppcA was reintroduced into the quintuple deletion mutant of ppcA, ppcB, ppcC, ppcD and ppcE at the intergenic region of GSU1106 and GSU1107 genes on the chromosome by doublecrossover homologous recombination. ppcA was under the control of the LacI/IPTG system. DNA fragments for the homologous recombination were amplified by PCR with primers P1 and P2 for the upstream and downstream regions as listed in Table S1 . A DNA fragment containing lacI, tac-lac promoter and lac operator was amplified by PCR with primers P1 and P2 as listed in Table S1 , and pCDN2s (Ueki et al. 2016) as the template. The apramycin-resistance gene was generated and used as the selection marker as described above. These PCR products were digested with restriction enzymes, ligated and cloned in pBluescript II KS(-) (Stratagene). The plasmid thus constructed was termed pKIapr (Fig. S1 , Supporting Information).
ppcA with a ribosome-binding site was amplified by PCR with primers P1 and P2 as listed in Table S1 , digested with BamHI and EcoRI, and cloned in pKIapr. The plasmid thus constructed was linearized by SalI. The linearized DNA fragment was used to reintroduce ppcA on the chromosome of the quintuple deletion mutant of ppcA, ppcB, ppcC, ppcD and ppcE. The introduction was verified by PCR amplification.
Expression of ppcA was induced by isopropyl ß-D-1-thiogalactopyranoside (IPTG) at a concentration of 1 mM.
Expression of omcB
omcB was reintroduced into the septuple deletion mutant of omcW, omcV, omcC, omcB, omcE, omcS and omcT on the chromosome under the control of the LacI/IPTG system as described above, with the exception that an ampicillin-resistance gene was used instead of the apramycin-resistance gene.
The coding region of the ampicillin-resistance gene was amplified by PCR with primers Amp-fwd and -rev as listed in Table  S1 , and pBluescript II KS(-) as the template. The promoter region of the gentamicin-resistance gene was amplified by PCR with primers Pgm-fwd-E and Pgm-Amp-rev as listed in Table S1 , and pJBG as the template. This promoter region was fused to the coding region of the ampicillin-resistance gene by PCR with primers Pgm-fwd-E and Amp-rev, and these PCR products as the template. The ampicillin-resistance gene was digested with EcoRI and HindIII and replaced the apramycin-resistance gene in pKIapr. The plasmid thus constructed was termed pKIamp (Fig. S1) .
omcB with a ribosome-binding site was amplified by PCR with primers P1 and P2 as listed in Table S1 , and cloned in pCR-Blunt II-TOPO (Invitrogen). omcB was isolated by digestion with EcoRI and cloned in pKIamp. Proper direction of the cloned omcB was verified by restriction digestion and PCR.
Expression of omcB was induced by IPTG at a concentration of 1 mM.
Analytical techniques
Cell growth on fumarate was monitored by measuring the optical density at 600 nm. Fe(II) concentrations were determined by the ferrozine assay as previously described (Lovley and Phillips 1986) . C-type cytochromes were detected by staining with N,N,N',N'-tetramethylbenzidine as previously described (Thomas, Ryan and Levin 1976; Francis and Becker 1984; Leang, Coppi and Lovley 2003) .
RESULTS AND DISCUSSION
Controlling extracellular electron transfer with PpcA expression
To determine whether Fe(III) reduction is possible in the absence of PpcA or its homologs, a strain was constructed in which all of these genes were deleted. This strain was not able to reduce Fe(III) (Fig. 1A) . However, a strain containing only PpcA, lacking the four homologs, PpcB-E, reduced Fe(III) as well as the wildtype strain (Fig. 1A) . This result was consistent with the abundance of c-type heme proteins at the molecular weight (ca. 10 kDa) of PpcA and homologs in the different strains (Fig. 1B) . As expected, no heme protein was detected at ca. 10 kDa in the strain in which the gene for PpcA and all homolog genes were deleted. The previously described strain (Lloyd et al. 2003) in which just the gene for PpcA was deleted had a much lower content of cytochromes at the appropriate molecular weight than the wild-type strain, consistent with its lower rates of Fe(III) reduction. The strain in which the gene for PpcA but none of its homologs were present had cytochrome abundance nearly as great as the wild-type strain (Fig. 1B) . These results demonstrate that PpcA is required and sufficient for high rates of extracellular electron transfer across the periplasm.
To determine whether PpcA expression could serve as a useful control switch for regulating extracellular electron transfer, ppcA was reintroduced into the chromosome, under the control of the LacI/IPTG system, in the strain in which ppcA and all homologs had been deleted. Adding IPTG resulted in PpcA expression ( Fig. 2A) . The expression of PpcA appeared to be lower than PpcA expression under the native promoter (Fig. 1B) , but was sufficient to restore the capacity for Fe(III) reduction (Fig. 2B ) at a rate (Fig. 2B ) comparable to the wild-type strain (Fig. 1A) .
Controlling extracellular electron transfer with OmcB expression
In an attempt to develop a strain in which the capacity for Fe(III) reduction was eliminated by removing genes for outer surface cytochromes, studies were initiated with a previously described strain (Voordeckers et al. 2010) , in which the gene for OmcB was deleted as well as for the outer surface cytochromes, OmcE, OmcS and OmcT. Deleting the gene for the OmcB homolog, OmcC, yielded the strain designated omc5. This strain reduced Fe(III) much slower than wild type, but Fe(III) reduction was still significant (Fig. 3) . Deleting the gene for OmcV (GSU2724), another outer surface cytochrome predicted to serve as the outer surface cytochrome of a porin-cytochrome system (Shi, Fredrickson and Zachara 2014) , yielded strain omc6, which reduced Fe(III) slightly slower than strain omc5 (Fig. 3) . It was necessary to delete the gene for OmcW (GSU2642), the outer surface cytochrome of another predicted porin-cytochrome cluster (Shi, Fredrickson and Zachara 2014) , from strain omc6 to produce strain omc7 in order to eliminate the capacity for Fe(III) reduction (Fig. 3) . Deletion of just the OmcW gene from the wildtype strain did not influence Fe(III) reduction.
To evaluate whether OmcB expression could restore the ability to reduce Fe(III) in the omc7 strain, omcB was introduced in the chromosome under the control of the LacI/IPTG system. In the presence of IPTG, OmcB was overexpressed in this strain in comparison with the wild-type strain (Fig. 4A) . As expected, OmcB was not detected in the omc7 strain or the omc7 strain containing only lacI and an antibiotic-resistance gene without omcB (Fig. 4A ). The strain with the reintroduced OmcB gene was able to reduce Fe(III) at rates nearly as fast as the wildtype strain, but the strain without omcB did not reduce Fe(III) (Fig. 4B) . 
Implications
These studies have identified two control points for regulating extracellular electron transfer in G. sulfurreducens. One is the periplasmic electron transfer controlled by the c-type cytochrome PpcA and its homologs. When the gene for PpcA is the only PpcA homolog gene present, extracellular electron transfer to Fe(III) is only possible when PpcA is expressed. In a similar manner, controlling the expression of OmcB can control Fe(III) reduction in the absence of OmcB homologs and several other outer surface c-type cytochromes. An approach similar to the one described here could potentially be applied to further simplify the extracellular electron transport options in G. sulfurreducens. The roles of many electron transport components of G. sulfurreducens have been inferred from studies in which the gene of interest is deleted and the phenotype(s) related to extracellular electron transfer are documented. However, this approach has proven to be too simplistic because deletion of genes hypothesized to be involved in electron transport can have unexpected consequences. For example, the deletion of the gene for the putative periplasmic cytochrome MacA inhibited Fe(III) reduction leading to the suggestion that MacA is an important component of electron transfer to Fe(III) (Butler et al. 2004) . However, subsequent studies demonstrated that the macA-deficient strain poorly transcribed omcB, known to be important for Fe(III) reduction (Kim and Lovley 2008) . In a similar manner, deletion of several outer surface cytochrome genes negatively impacted transcription of omcB or OmcB translation (Kim et al. 2005 (Kim et al. , 2006 . Deleting a gene thought to influence the production of exopolysaccharide (Rollefson et al. 2011 ) also impacted pili expression (Flanagan et al. 2017) . Thus, building 'stripped-down' strains of G. sulfurreducens in which the potential routes for electron transport are clearly defined could provide important insights into extracellular electron transfer as well as lead to strategies for fine control over extracellular electron transfer for applications, such as the development of sensors and biocomputing.
